The kinetics and hypocalcemic potency of stanniocalcin (STC) were examined in freshwater and seawater eels. The secretion rate and the metabolic clearance rate of STC were calculated from the STC disappearance curve after intra-arterial injection of trout STC. Basal plasma STC concentrations in freshwater and seawater eels did not differ but the STC secretion rate and metabolic clearance rate in seawater eel were 70-75% higher than in FW eel. The increased STC distribution space in seawater eels suggests that the STC receptor density was increased. STC had a higher hypocalcemic potency in seawater than in freshwater eels. These observations support the hypothesis that seawater fish require more hormonal control over transcellular influx of calcium than freshwater fish.
Introduction
Stanniocalcin (STC), a glycoprotein from the corpuscles of Stannius (CS), is the primary hormone for homeostatic control of extracellular calcium in teleost fish (Wendelaar Bonga and Pang 1991) . Removal of the CS produces a hypercalcemia in both freshwater and seawater fish (e.g., Fontaine 1964; Hirano et al. 1981 ) that can be corrected by injection of purified STC (Hanssen et al. 1989) . The long-term acclimation of fish to high calcium environments increases CS activity (Cohen et al. 1975; Wendelaar Bonga et al. 1980; Flik et al. 1989a Flik et al. , 1990 ) but this activation did not consistently induce major changes of plasma calcium or STC concentrations (Hanssen et al. 1991b) . Therefore, plasma STC concentration seems to be an inappropriate parameter for CS activity. A better index of activity might be the rate of STC degradation.
The steady state titer of plasma STC results from the balance between the STC secretion rate (SR) and the STC metabolic clearance rate (MCR) where it is defined as the volume of plasma cleared from STC per unit of time (Tait 1963) . Clearance studies of exogenous, radiolabelled corticosteroids showed that the MCRs of cortisol in eel (Henderson et al. 1974; Leloup-Hatey 1974) and salmon (Donaldson and Dye 1970; Redding et al. 1984) were higher in seawater-than in freshwater-acclimated fish. These observations are consistent with the increased binding of cortisol to gill tissue during seawater adaptation (Redding et al. 1984) . Currently, our knowledge concerning the SR and MCR of peptide hormones in fish is limited to growth hormone (GH) and prolactin. Studies on the kinetics of GH revealed no significant differences as to MCR, SR, or plasma GH concentrations between freshwaterand seawater-acclimated rainbow trout and eel (Sakamoto et al. 1990; Duan and Hirano 1991) . MCR, SR and plasma GH were higher in coho salmon smolts acclimated to seawater than those in freshwater; in adult coho salmon no differences were observed (Sakamoto et al. 1991) . However, 4 days after transfer to seawater both the MCR and SR of GH were elevated in rainbow trout, suggesting a role for GH in the early phase of osmoregulatory adaptation to seawater (Sakamoto et al. 1990) . Conversely, the MCR, SR, and plasma concentration of prolactin were elevated in freshwateracclimated salmon, which is consistent with the importance of prolactin in teleost freshwater adaptation (Wendelaar Bonga and Pang 1989; Sakamoto et al. 1991) .
Euryhaline fish migrating between FW and SW are subject to enormous variations in the ambient calcium concentration. One may predict an increased need for STC in seawater because the degree of hypercalcemia that develops following removal of the CS from fish held in this medium is much greater than in freshwater (Hirano et al. 1981) . Further, the ultrastructure of the CS suggests a higher secretory activity in SW fish than in FW fish (Cohen et al. 1975; Wendelaar Bonga et al. 1980; Flik et al. 1989a) . But STC levels in the plasma of freshwater and seawater eels do not differ and yet calcium concentrations are maintained (Hanssen et al. 1992) . These anomalous observations prompted us to compare the kinetics of STC in freshwater and seawater eel, with the view of testing the hypothesis that STC turnover is a better index of SC activity than is STC concentration in the plasma.
Materials and methods

Animals
Freshwater European eels, weighing between 200 and 300 g, were obtained from fish dealers in the Camargue (France) and Enkhuizen (Netherlands).
Fish were acclimated in 10001 tanks containing city of Nice tap water (1.63 mM Ca 2 + , 0.12 mM Na + , 0.09 mM Cl-) or artificial seawater (10 mM Ca 2 + , 460 mM Na + , 535 mM Cl-) for at least three weeks before experimentation. The eels were not fed.
Cannulation and blood sampling
Eels were anaesthetised with 0.25% MS-222 and fitted with an indwelling catheter (PE10, Clay Adams) in the pneumogastric artery (Hanssen et al. 1989) . Cannulated freshwater and seawater eels were allowed to recover for two days in opaque individual boxes supplied with circulating tap or seawater. At zero time 0.5 ml blood was sampled and 200 /l hormone (or carrier) solution injected followed by the 0.5 ml blood taken before injection. Blood samples of 200 1l each were taken via the catheter 5 min before and 5, 15, 30, 45 and 60 min after hormone injection. Additional blood samples were taken at 2 hour interval periods up to 10 hours. Haematocrit values (22 2%, n = 13) do not change after repeated blood sampling (Hanssen et al. 1989) . The blood was immediately separated into plasma and cells by centrifugation (1 min at 9000 x g).
Hormone preparation and administration
Freshly collected trout CS were homogenized in icecold saline (0.6% NaCI) by sonication and the homogenate was centrifuged for 5 min at 9000 g. Supernatant protein and STC concentrations were estimated with a commercial protein kit (Biorad) and a competitive STC-ELISA (Mayer-Gostan et al. 1992) , respectively. The dose of STC injected via the catheter was 23.55 + 2.45 (n = 7) g per 100 g for freshwater fish and 15.12 1.25 (n = 6) g per 100 g for seawater fish as determined afterwards. The difference in the dose of STC resulted from differences in the STC content of the CS used for these studies (similar amounts of wet weight were extracted for both experiments). The carrier saline volume was 200 Al. Saline injections served as controls. 
Plasma analysis
Plasma STC was measured with a competitive STC-ELISA (Mayer-Gostan et al. 1991) using purified trout STC ) as a standard. The trout STC antiserum used (RADH-I; Kaneko et al. 1988 ) has a high degree of cross-reactivity with eel STC. Plasma total calcium was measured using a commercial calcium kit (Sigma).
lated by the method of Normand and Fortier (1970) according to MCR = Rs'a'0//(A-+ Ba), where R s is the injected dose of STC. The STC distribution space (DS) was calculated from the formula: DS() = MCR/a and DS(/) = MCR/38 (Zilversmit 1960) . The STC secretion rate (SR) was calculated as the product of the MCR and the basal plasma hormone concentration (Tait and Burstein 1964) .
Statistics Calculations
The STC disappearance was best described by a double exponential curve plus offset according to Significance was assessed using the Mann-Whitney U-test and p < 0.05 was taken as the fiducial limit.
Results
The clearance of STC from the plasma of freshwater and seawater eels after STC injection is shown in Figure 1 . Analysis of the STC disappearance curves reveals a first ('fast') and a second ('slow') exponential function for both freshwater and seawater eels. The fast and the slow exponential T/2 and DS as Fig. 2 . Plasma total calcium levels after i.a. injection of trout STC into freshwater eel ( ) (n = 7), and seawater eel ( ) (n = 6). Saline injection in seawater eel ( o ) (n = 4) served as control. Values are means + SEM and are shown as differences compared with preinjection levels.
well as the MCR, SR and the basal STC concentrations (C) before injection are shown in Table 1 . The fast exponential component is usually viewed as a combined estimate of distribution, mixing and turnover of the hormones and hence has limited value to calculate STC metabolism. Basal preinjection plasma STC concentrations were not significantly different between freshwater and seawater fish (0.89 + 0.05 nM and 0.93 ± 0.06 nM, respectively; p > 0.10) and did not change after saline injection. The mean T,/ of STC in freshwater eel was significantly higher than the mean T,2 of STC in seawater eel, whereas the mean DS of STC in freshwater eel was significantly smaller compared to seawater eel. The calculated MCR and the calculated SR were approximately two times higher in the seawater acclimated eel. Figure 2 shows the effects of the STC injection on plasma total calcium in freshwater acclimated and seawater acclimated eels. Basal plasma levels were 2.28 ± 0.05 mM in the freshwater eels and 2.17 ± 0.06 mM in the seawater eels. STC at a dose of 23.55 jzg/100 g fish caused significant hypocalcemia in freshwater eels between 1 and 8h after injection. The lower dose of 15.12 /Ag/100 g fish was even more effective in seawater acclimated fish where the hypocalcemia developed within 30 min after injection and remained significantly lower for a full 24h after injection. Moreover, the maximum effect of STC in seawater eels was twice that in freshwater eels (a decrease of 0.4 mM and 0.2 mM, respectively).
Discussion
This study presents the kinetics of the calciumregulating hormone STC in eels adapted to freshwater or seawater. Studies on hormone kinetics have largely been limited to the estimation of the plasma T /2 from the disappearance curve of the administered hormone. However, since the T 2 does not reflect the space available for hormone distribution (Owens et al. 1973) it is a poor estimate of hormone metabolism. The MCR, which is determined by both T,/2 and DS of the hormone is a more appropriate parameter for hormone kinetics.
Whereas plasma STC concentrations did not differ significantly between freshwater and seawater eels (Hanssen et al. 1992) was 75% higher in seawater eels relative to that found in freshwater eels. A higher MCR in seawater compared to freshwater adapted fish was also reported for corticosteroids in eel (Henderson et al. 1974) and in salmon (Redding et al. 1984) , and such results corroborate the idea that corticosteroids (cortisol) are indispensable for adaptation to seawater. For trout it was reported that the MCR of prolactin increased after transfer of the fish from seawater to freshwater (Sakamoto et al. 1991) an observation in line with the importance of prolactin for osmoregulation in freshwater fish. Thus, a high metabolic clearance rate for hormones in seawater is not a general rule. For growth hormone it was shown that the MCR in adult, well-adapted freshwater and seawater trout and coho salmon does not differ (Sakamoto et al. 1990 (Sakamoto et al. , 1991 . The conclusion from all these observations on MCR values is that the MCR of a hormone may be an important variable in endocrine regulations, more so than the plasma level of the hormone. The calculated STC DS in seawater eels exceeds the DS in freshwater eels. This increased DS could represent increased degradation in the clearance organs or an increased binding to STC receptors. Since the MCR of prolactin is higher in freshwater fish (Sakamoto et al. 1991) , we consider it unlikely that an overall non-specific activation of organs which help clear peptide hormones from the blood (liver, gut and kidney), explains the higher MCR of STC in seawater eels. STC expresses its function by controlling the transcellular calcium transport of the chloride cell, its principal target (Wendelaar Bonga and Pang 1991) . The increased DS of STC in seawater eel could have resulted from an increase in the number of receptors consequent to the increase in number and volume of the chloride cells observed after transfer of freshwater adapted eel to seawater (Pisam et al. 1987) . This is supported by the stronger hypocalcemic effect of STC that we observed in seawater eel.
The present observation that plasma calcium levels were similar in freshwater and seawater eels, irrespective of the almost tenfold difference in water calcium concentration suggests that the activity of the CS, the only endocrine gland producing a potent hypocalcemic hormone in eel (Wendelaar Bonga and Pang 1991) , should be higher in seawater than in freshwater. The present kinetic data support this hypothesis. The secretion rate of STC is the product of the MCR and the basal STC concentration. Because the MCR of STC is higher in seawater than in freshwater eels, it seems reasonable -in spite of the fact that the STC concentrations are similar -to conclude that the SR of STC is higher in the seawater eels. And this conclusion concurs with both ultrastructural and biochemical observations on the CS. That is, both suggest a higher synthetic and secretory activity in seawater fish as compared to freshwater fish (Wendelaar Bonga et al. 1980; Flik et al. 1990; Hanssen et al. 1992) .
We conclude, therefore, that STC turnover is higher in seawater than in freshwater eel and that this explains the similarity in STC levels in freshwater and seawater fish. The increased MCR of seawater fish masks the greater SR. The increased CS activity indicates a greater requirement for STC in seawater adapted eels. We tentatively predict from the increased DS and hypocalcemic potency of the hormone in seawater fish that an increased number of STC receptors are present in the gills of seawater fish.
